Ion implantation is a powerful technique that is used to modify optical and structural properties of semiconductors. Ion-implanted GaAs materials are implemented in high-speed optoelectronics because of the ultrafast carrier lifetimes that are incurred by defect states. 1, 2 On the other hand, the combination of ion implantation with annealing processes can lead to other crystalline lattice formation that encompasses the implanted atoms, e.g., GaAsN nanostructures in nitrogen-ion-implanted GaAs (N þ -GaAs). 3 It has been reported that the implanted nitrogen atoms induce interesting physical phenomena in GaAsN nanocrystals, such as the abnormally large energy gap reduction, nitrogen induced level repulsion, and the advent of C-L-X mixed symmetry. 4, 5 With the development of femtosecond lasers and measurement techniques, time-domain investigations of lattice motion have been carried out in various materials, including semiconductors, semimetals, superconductors, and carbon nanotubes. [6] [7] [8] [9] Several coherent phonon generation mechanisms were reported, such as ultrafast surface field screening in GaAs, impulsive stimulated Raman scattering in transparent materials, and a displacive excitation mechanism in semimetals. 10, 11 For the dephasing channels of the coherent phonons, both the phonon-phonon anharmonic interactions and the electron-phonon scattering mechanism have been studied. 12, 13 If defects or lattice imperfections are created in a crystal, those may modify the generation mechanism or dephasing process of the coherent optical phonons.
14 However, most coherent phonon studies have been performed on pure or nearly pure crystalline materials. In this paper, we demonstrate strong excitation of coherent phonon oscillations of the X-point zone-boundary transverse-optical (TO) mode, TO(X), in N þ -GaAs that has been annealed at high temperatures. The origin of the TO(X) mode generation, which is forbidden in the Raman selection rule for zinc-blende crystals, is shown to be the lattice imperfections that are formed by the segregation of the nitrogen ions during the annealing process. Temperature-and power-dependent measurements of the coherent TO(X) phonon oscillations were carried out to study the dephasing process.
A GaAs substrate was implanted with nitrogen ions with an acceleration energy of 400 keV at a dose density of 10 13 cm
À2
. Because, at that energy, the N þ ions penetrate to a depth of approximately 1 lm into the GaAs, the average nitrogen concentration will be roughly 10 17 cm À3 in the implanted region. The addition of the N þ atoms will create point defects in the zinc-blende GaAs lattice. Following implantation, the annealing process was performed at various temperatures, ranging from 300 to 700 C. The samples were maintained at annealing temperatures for 10 min with flowing N 2 gas through the annealing chamber. Any measure was not taken to prevent the out-diffusion of the As atoms, and the flip-chip attachment of another GaAs wafer for the purpose of preventing the As out-diffusion did not produce sizable change in the results. If the annealing temperature is high enough, then the N þ atoms may recrystallize to form a different structural phase. To investigate the structural modifications induced by the annealing, we have measured the structure through transmission electron microscopy (TEM), Raman scattering, and X-ray diffraction (XRD) studies.
To study the effects of annealing on the carrier dynamics and on coherent phonon generation, time-resolved reflectivity measurements were performed using the optical pump-probe technique. A Ti:sapphire laser was used to generate 40 fs pulses at a center wavelength of 800 nm with a repetition rate of 88 MHz. In the pump-probe technique, the pump pulse excites carriers and generates coherent phonons, and the subsequent carrier and phonon dynamics are studied by measuring the induced reflectivity change of the probe beam as a function of the time delay between the pump pulse and the probe pulse. The excitation density of the pump pulse was approximately 18 lJ=cm 2 , corresponding to an excited carrier density of about 5.3 Â 10 17 cm
À3
, while the probe intensity was much weaker.
To reveal any structural modifications induced by the annealing process, we have compared the cross-sectional TEM images from the implanted samples that were annealed at different temperatures. The TEM image with T A ¼ 300 C does not show any specific effect of annealing, as shown in the inset of Fig. 1 . However, in the TEM image for T A ¼ 700 C, segregated islands of condensed arsenic ions appear near the interface of Pt and GaAs, where the Pt coating was applied to protect the surface during ion-milling processing. Energy dispersive spectroscopy analysis was used to verify that the As atoms are the dominant constituent in those islands. During the annealing process, the implanted nitrogen atoms replace the arsenic atoms, and these arsenic atoms can be driven to the surface.
The XRD data shown in Fig. 1(a) for T A ¼ 700 C feature a broad peak at the shoulder of the main substrate peak. The lattice constant of 5.652 Å for the broad peak is 0.035% larger than that of the GaAs substrate, which indicates the formation of an extended crystalline structure by the high temperature annealing. In the Raman spectra that are shown in Fig. 1(b) , the longitudinal-optical (LO) mode at 291 cm À1 is dominant when T A ¼ 300 C. In contrast, the TO(X) mode at 257 cm
À1
, the disorder-assisted longitudinal acoustic (DALA) mode at 199 cm
, and the TO(C) mode at 268 cm À1 have comparably large strengths for T A ¼ 700 C. 5, 15 The Raman polarization selection rules for the zinc-blende crystals indicate that none of these phonon modes are allowed in a backscattering geometry. Thus, the Raman scattering data also indicate that crystal defects or broken symmetries were created when T A ¼ 700 C. We carried out pump-probe measurements to study the effects on the carrier dynamics that were induced by nitrogen ion implantation and the annealing process. Figure 2 shows the reflectivity changes versus time delay in a log-scale for the N þ -GaAs samples for T A ¼ 700 C and T A ¼ 300 C. We have fitted the data with single or double exponential decay functions with yðtÞ ¼ y 0
We ascribe the fast decay time s 1 to ultrafast carrier trapping into the defect states that were generated by nitrogen ion implantation. 2 We note that the time-resolved transmission change with a decay time around 0.6 ps was reported in GaAsN film annealed at 800 C, which was explained by the carrier relaxation processes through the electron-optical phonon scatterings. 16 While the implanted N þ -atoms induce strongly localized states, the segregation and clustering of the defects that occurs at high T A can reduce the number of point defects and slow down the trapping process. The slow component that appears for high temperature annealing may have originated from the crystal phase that was formed by the annealing process. Thus, the carrier lifetime provides further evidence that annealing process with T A higher than 600 C creates structural and electronic modifications within the N þ -GaAs. The time-resolved reflectivity shown in Fig. 2 accompanies high-frequency modulations that originate from the coherent optical phonons. After subtraction of the slowly varying part, the curve in Fig. 3(a) clearly shows the oscillatory component. The lattice vibrations in the T A ¼ 300 C case, for which the fast Fourier-transform (FFT) spectrum in the inset has a peak at 8.7 THz, correspond to the LO phonon mode of GaAs. The LO phonon oscillation accompanies the electric field modulations, which will then modify the refractive index through the electro-optic effect. When the carrier density is such high that the plasmon frequency becomes comparable to the LO phonon frequency, plasmon-LO phonon coupled mode can appear near the TO phonon energy. 17 However, no distinct plasmon-phonon coupled modes are observed in Fig. 3(a) , which is partially because the optically excited carrier densities are inhomogeneous laterally within the probe area. 18 With the symmetry accounted for, the LO phonon oscillations are detected effectively when the probe polarization is along either the [110] or [1 10 ] direction of (001)-GaAs. 6 The probe polarization dependence of the LO phonon signal at T A ¼ 300 C follows the expected behavior of pure GaAs, as shown in Fig. 3(b) , showing that the crystal symmetry is not influenced by the annealing at T A ¼ 300 C. However, the lattice vibrations obtained when T A ¼ 700 C shown in Fig. 4(a) are dramatically different from the case when T A ¼ 300 C. The oscillation amplitude is much bigger, and the temporal beating in the lattice vibrations hints at multiple mode excitations. The FFT spectrum in the inset shows that the dominant coherent phonon mode for T A ¼ 700 C is not the LO phonon but is in fact the TO(X) mode of the GaAs 1Àx N x material. 5 Also, the oscillation amplitude plotted in Fig. 4(b) shows no systematic dependence on the probe polarization, in contrast to the case of T A ¼ 300 C. Because the photon wavevector is negligibly small, the TO(X) mode cannot be excited without the contributions by any quasi-particle excitations. Perkins et al. suggested that the nitrogen substitution into GaAs destroys the translational symmetry and makes the normally forbidden optical transitions active. 4 We think that the strong TO(X) phonon oscillation observed when T A ¼ 700 C is the evidence of the broken symmetry induced by the nitrogen substitution. It is notable that the amplitude of the coherent TO(X) phonon can be much higher than that of the allowed LO phonon. Figure  4 (c) shows the amplitude of the TO(X) phonon oscillation as a function of the annealing temperature. The critical annealing temperature to form the GaAs 1Àx N x phase lies between 500 and 550 C. When a non-implanted GaAs film was annealed at a temperature of 650 C in the N 2 atmosphere, we could measure signature of coherent TO(X) phonon oscillations, which leaves a possibility that nitrogen atoms may have penetrated during the annealing process with playing positive roles. Although it is unclear why the forbidden TO(X) phonon mode is so strong in this case, our results indicate that the coherent phonon measurement can be a powerful tool in investigating lattice defects or imperfections.
To reveal the dephasing process of the coherent TO(X) phonon, we performed temperature-dependent measurements on the sample with T A ¼ 700 C. Figure 5(a) shows the coherent phonon oscillations at several temperatures up to 773 K. The phonon oscillatory data were fitted to a damped harmonic oscillator model with A TO sin½2pf TO ðtÀp TO ÞÂexpðÀt=s TO Þ þA LO sin½2pf LO ðtÀp LO ÞÂexpðÀt=s LO Þ, where A, f, s; and p denote the amplitude, the phonon frequency, the dephasing time, and the initial phase, respectively. The dephasing rate (1=sÞ of the TO(X) mode, extracted from the fitting process, is plotted as a function of the temperature in Fig. 5(b) . The frequency has decreased linearly with temperature, having a slope of À0.000913 THz/K.
In a crystalline lattice, the most popular phonon dephasing process is via the anharmonic channel, in which a phonon mode decays into two lower energy phonons, such as an optical phonon splitting into two acoustic-mode phonons. 19 However, the dephasing rate versus temperature characteristics for the TO(X) mode could not be fitted satisfactorily using the anharmonic model. In this case, the dephasing rate rather follows the Arrhenius equation, as shown in Fig. 5(b) . The Arrhenius model with C ¼ A Â expðÀ E a kT Þ is used to account for the case in which a certain reaction requires the activation energy E a . Perkins et al. have demonstrated nitrogen-induced energy states, which are separated by $0:25 eV from the conduction band minimum in the dilute limit of GaAsN materials. 4 With the energy separation being comparable to the activation energy for TO(X) dephasing, it is probable that the nitrogen-induced energy levels may be contributing. Figure 5 (c) compares the excitation density dependences of the dephasing rate between the coherent LO phonon and coherent TO(X) phonon oscillations. While the rate increases almost linearly with the excitation density for the LO mode because of the strong Fr€ ohlich electron-LO phonon interactions, 13 the dephasing rate of the TO(X) mode is virtually independent of the carrier density. If an electron at the C-point absorbs a TO(X) phonon, it will transfer to the X point of the electronic band. Because the energy required for this electronic transition is much bigger than the phonon energy, electronic scattering with the TO(X) mode must therefore be difficult.
In conclusion, large amplitude coherent TO(X) phonon oscillations, which are not allowed in a pure zinc-blende structure, were detected in N þ -GaAs when it was annealed at high temperatures over 550 C. The XRD data and the TEM images indicate that a crystalline GaAsN material was formed by the high temperature annealing. The dephasing rate of the coherent TO(X) phonon follows the Arrhenius model in the temperature dependence. While the electron-phonon coupling is strong for the LO mode, the effect is negligible in the dephasing of the TO(X) phonon. 
